Phasmarhabditis hermaphrodita – a new model to study the genetic evolution of parasitism by Rae, RG
 Rae, RG
 Phasmarhabditis hermaphrodita – a new model to study the genetic evolution 
of parasitism
http://researchonline.ljmu.ac.uk/id/eprint/6209/
Article
LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research. 
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.
The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 
For more information please contact researchonline@ljmu.ac.uk
http://researchonline.ljmu.ac.uk/
Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 
Rae, RG (2017) Phasmarhabditis hermaphrodita – a new model to study the 
genetic evolution of parasitism. Nematology, 19 (3). ISSN 1568-5411 
LJMU Research Online
 1 
 
Forum article - Phasmarhabditis hermaphrodita - a new model to study parasitism 
 
Forum article 
 
Phasmarhabditis hermaphrodita - a new model to study the genetic 
evolution of parasitism 
 
Robbie RAE 
 
Liverpool John Moores University, School of Natural Sciences and Psychology, 
Byrom Street, Liverpool, L33AF, UK 
 
Received: 2 December 2016; revised: 19 January 2016 
Accepted for publication: 23 January 2016; available online: 
 
_____________ 
E-mail: r.g.rae@ljmu.ac.uk 
 
  
 2 
Summary - The evolutionary genetic mechanisms that are responsible for the 
transition of free-living nematodes to parasites are unknown and current nematode 
models used to study this have limitations. The gastropod parasite Phasmarhabditis 
hermaphrodita could be used as a new model to dissect the molecular mechanisms 
involved in the evolution of parasitism. Phasmarhabditis hermaphrodita is a 
facultative parasite of slugs and snails that can also be maintained easily under 
laboratory conditions like Caenorhabditis elegans and Pristionchus pacificus. 
Phasmarhabditis hermaphrodita and Phasmarhabditis species are easy to isolate from 
the wild and have been found around the world. The phylogenetic position of 
Phasmarhabditis is ideal for genomic comparison with other Clade 9 species such as 
C. elegans and P. pacificus, as well as mammalian and insect parasites. These 
attributes could make P. hermaphrodita an excellent choice of model to study the 
evolutionary emergence of parasitism. 
 
Keywords - Caenorhabditis elegans, gastropods, genetic model, parasites, 
Pristionchus pacificus.  
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Nematodes have evolved to parasitise plants, mammals and arthropods 
multiple times (Blaxter et al., 1998); however, the genetic mechanisms of how a free-
living nematode evolves into a parasite are largely unknown. It has been proposed that 
several factors must occur, for example, nematodes must have evolved close 
relationships with arthropods as mammalian parasitic nematodes are thought to have 
arisen from insect parasitic ancestors (Blaxter & Koutsovoulos, 2015). These 
relationships can be loosely classified as necromeny or phoresy. Necromeny (‘waiting 
for the cadaver’), was proposed by Schulte (1989) and arises when nematodes infect 
an invertebrate, wait in the body until it dies and then reproduces on the decaying 
cadaver. Phoresy is where nematodes use hosts as a means of transport and has been 
documented in many species. These sorts of associations require pre-adaptations, such 
as the formation of dauer juveniles, which can tolerate stressful conditions and host 
enzymes e.g., proteases (Poulin, 1998; Weischer & Brown, 2000). In order to 
understand the molecular mechanisms that are involved in these evolutionary 
transitions there are few genetic nematode models that can be used. This is because a 
suitable model would have to exhibit both a necromenic and parasitic lifestyle. It 
would also have to be easily culturable under laboratory conditions, preferably using 
Nematode Growth Media (NGM) agar plates seeded with a bacterial food source 
where it can be grown in large amounts quickly (to allow forward genetic approaches 
and genetic crosses) and not require growth or maintenance in mammalian hosts as 
they are logistically and financially prohibitive. Strains and species of the nematode 
should also be able to be isolated easily from the wild to facilitate micro and macro-
evolutionary studies. It should (ideally) be a self-fertilising hermaphrodite that can 
produce males in low numbers for genetic crosses and that can be used to make 
isogenic and inbred lines. These are all prerequisites that were used in the selection 
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and development of Caenorhabditis elegans and Pristionchus pacificus making them 
formidable nematode genetic model organisms (Brenner, 1974; Sommer et al., 2000). 
As well as being able to maintain and easily culture a proposed parasitic model 
nematode in the laboratory, the evolutionary position of an ideal model for parasitism 
would need to be a species that was closely related to other model nematodes and was 
related to a plethora of other necromenic and phoretic nematodes that were associated 
with gastropods or arthropods and mammalian parasites. A nematode that meets all of 
these previously listed prerequisites is the terrestrial gastropod parasitic nematode, 
Phasmarhabditis hermaphrodita. I believe, like Wilson et al. (2015), that it would be 
an excellent model to answer the most pertinent biological questions about the 
evolutionary emergence of parasitism, including which traits and which genomic 
features are associated with parasitism? What selective forces maintain them and how 
do these change through the on going struggle between host and parasite? (Blaxter & 
Koutsovoulos, 2015). Here I detail how and why P. hermaphrodita (and other 
Phasmarhabditis species) would be excellent candidates for answering these 
fundamental questions about the molecular mechanisms involved in the evolutionary 
emergence of parasitism. 
 
Phasmarhabditis hermaphrodita was developed as a weapon  
 
 Phasmarhabditis hermaphrodita is largely known as a biological control 
agent (Nemaslug®), which is used by farmers and gardeners to kill several pestiferous 
slug species from the families Milacidae, Limacidae and Vagnulidae (Rae et al., 
2007; Wilson et al., 1993a). Phasmarhabditis hermaphrodita is broadcast at a rate of 
3 × 109 nematodes ha-1 and has been successfully used to reduce slug damage in 
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oilseed rape, winter wheat, strawberries, asparagus, Brussels sprouts, orchids and 
hostas (Wilson et al., 1994, 1995a; Glen et al., 2000; Grewal et al., 2001; Ester et al., 
2003a, b, c). Phasmarhabditis hermaphrodita is sold in the U.K., Ireland, France, The 
Netherlands, Belgium, Germany, Denmark, Norway, Finland, Poland, Spain, the 
Czech Republic, Italy and Switzerland (Rae et al., 2007). Phasmarhabditis 
hermaphrodita (strain DDTM1) is also used further afield in agriculture in Kenya as 
Slugtech® (Talwana et al., 2016). Previous to its development as a biological control 
it was isolated and studied by the great nematologists of the latter 19th and early to 
mid 20th centuries such as Schneider in 1859, Emile Maupas in 1900 and Herta 
Mengert in 1953. It was first isolated in 1859 by Schneider from decaying terrestrial 
molluscs and named Pelodytes hermaphroditus. It was then studied by Maupas in 
1900 who proposed it had a necromenic lifestyle (although did not use this term). At 
this time he also studied several other nematodes including C. elegans (Maupas, 
1900). Decades later these two nematodes were also collected together by Sydney 
Brenner and his team in the 1960s and kept in culture before he finally decided on 
using C. elegans. Phasmarhabditis hermaphrodita could have easily been chosen 
instead of C. elegans as it showed the same advantageous characteristics in culture 
and Brenner had actually collected more strains of P. hermaphrodita than C. elegans! 
(see Cold Spring Harbour Laboratory Archives, 2017; 
http://libgallery.cshl.edu/items/show/75709). Over a hundred years after its initial 
description by Schneider it was isolated and studied intensively by Mike Wilson and 
co-workers at Long Ashton Research Station (Glen et al., 1996). After an extensive 
body of work investigating culture conditions (Wilson et al., 1993ba, 1995b, c), host 
range (Wilson et al., 1993ab) and conducting field trials (Wilson et al., 1994) it 
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showed huge promise as biological control agent for slugs and has been on the market 
since 1994.  
Phasmarhabditis hermaphrodita is Clade 9 nematode (Van Megen et al., 
2009), which contains many necromenic and parasitic species of insects, gastropods 
and mammals. For example, Oscheius tipulae is associated with Tipula paludosa 
(Sudhaus, 1993), C. elegans and C. briggsae use slugs and snails as phoretic and 
necromenic hosts (Kiontke & Sudhaus, 2006; Petersen et al., 2015), and 
Heterorhabditidoides chongmingensis is entomopathogenic (Zhang et al., 2008). 
More distantly related families include insect pathogens (Heterorhabditidae) as well 
as mammalian pathogens from families such as Strongylidae, Ancylostomatidae and 
Trichostrongylidae and Heligmonellidae (Kiontke et al., 2007; van Megen et al., 
2009). Thus, P. hermaphrodita is in an excellent phylogenetic position for 
comparative genomics with these other parasitic and necromenic species, as well as 
the model nematodes C. elegans and P. pacificus. 
Phasmarhabditis hermaphrodita is part of the Phasmarhabditis genus that 
contains P. apuliae, P. papillosa, P. neopapillosa, P. valida, P. nidrosiensis, P. 
californica, P. tawfiki, P. bonaquaense, P. bohemica and P. huizhouensis (Andrássy, 
1983; Hooper et al., 1999; Azzam, 2003; Tandingan De Ley et al., 2014, 2016; Huang 
et al., 2015; Nermuť et al., 2016a, b). There is also a ‘Phasmarhabditis sp. EM434’ 
from the east coast of North America but it is poorly characterised and only several 
DNA sequences seem to exist on the National Center for Biotechnology Information 
database (NCBI) (Kiontke et al., 2007). Also there are two un-described South 
African species (Phasmarhabditis sp. SA1 and SA2) (Ross et al., 2012). The 
Phasmarhabditis genus is closely related to other gastropod parasites, such as Agfa 
flexilis and Angiostoma limacis, although morphologically they are very different 
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(Ross et al., 2010; Tandingan De Ley et al., 2016). Most Phasmarhabditis species are 
found in terrestrial environments, although P. nidrosiensis and P. valida are found in 
marine and littoral habitats. The infection behaviour of many of these species is 
unknown and only P. hermaphrodita and P. neopapillosa have been shown to kill 
slugs (Wilson et al., 1993b; Glen et al., 1996). Like C. elegans, P. hermaphrodita is a 
self-fertilising hermaphrodite that produces males in low numbers (Maupas, 1900). It 
is a facultative parasite and able to grow on rotting slug or vegetation (Tan & Grewal, 
2001) and does not need a slug host to reproduce.  
 
Current nematode genetic model organisms pose problems when studying the 
evolution of animal parasitism 
 
Caenorhabditis elegans and P. pacificus are excellent at unravelling the 
genetic mechanisms of different traits but are not ideal to understand the evolutionary 
emergence of parasitism. The wild type strain of C. elegans (strain N2) was isolated 
in 1956 and has since undergone hundreds of thousands of generations fed on the 
laboratory food, Escherichia coli OP50. Its natural ecological niche is rotting 
vegetation, such as apples, where it lives a quiet life eating bacteria and eukaryotes 
like yeast (Frezal & Felix, 2015) but can also be found on or in slugs and snails 
(Petersen et al., 2015). There is little evidence of parasitism across the Caenorhabditis 
genus (Kiontke & Sudhaus, 2006), although it has been suggested that C. briggsae 
can become entomopathogenic when fed certain bacteria such as Serratia marcescens 
(Abebe et al., 2011); however, this has been disputed (Rae & Sommer, 2011). Hence, 
the study of C. elegans to study the evolution of parasitism would be severely limited. 
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Pristionchus nematodes from the Diplogastridae are associated with beetles 
where they can be easily isolated (Morgan et al., 2012). They are necromenic 
nematodes (Herrmann et al., 2006) and there is little evidence to suggest they are 
parasitic. Undoubtedly, a full genome sequence, genetic techniques such as forward 
and reverse genetic tools and transgenic techniques (Sommer, 2015) make 
Pristionchus a formidable genetic nematode but not one to answer fundamental 
questions about parasitology, as it is not actually a parasite. That is not to say that they 
may never evolve to become parasitic as necromeny is thought to be a stepping-stone 
to true parasitism (Dieterich et al., 2008). 
Other nematodes that have been proposed as models to study parasitism 
include mammalian parasites e.g., Strongyloides sp. However, the major problems 
with many of these mammalian parasites are associated with culturing techniques, 
which are labour intensive as they have long lifecycles that require mammalian hosts 
and they can be difficult for genetic studies. For example, Strongyloides stercoralis is 
a pathogen of humans, representing a biohazard risk and must be maintained in dogs 
(Lok, 2007). Strongyloides ratti must be maintained in rats (Viney & Lok, 2007) and 
infective stages need to be collected from faeces. Trichnella spiralis is a pathogen of 
humans (Mitreva & Jasmer, 2006) and Brugia malayi requires two hosts to complete 
its lifecycle (Aedes mosquitos and a mammalian host), hence making it time 
consuming to culture in the laboratory (Lok & Unnasch, 2013). These difficulties 
make doing standard genetic experiments like forward genetic screens difficult, but by 
no means impossible (Viney et al., 2002). Similarly, reverse genetics approaches 
utilising RNA interference (RNAi) have been shown to work in mammalian parasites 
such as B. malayi (Aboobaker & Blaxter, 2003), Nippostrongylus brailiensis (Hussein 
et al., 2002) and Ascaris suum (Islam et al., 2005) but there are questions about its 
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efficacy, repeatability and whether only a selection of genes can be inhibited (Geldhof 
et al., 2006, 2007). Far superior to RNAi in terms of efficacy and efficiency is 
CRISPR-Cas genome editing technology, which has been developed for C. elegans, 
Caenorhabditis sp. 9 and P. pacificus (Lo et al., 2013; Witte et al., 2015), but has not 
been shown to work in parasitic species as yet. Unlike mammalian parasites, the 
facultative parasite P. hermaphrodita is a saprobic microbivorous nematode that can 
reproduce on slug faeces, dead earthworms, insects and leaf litter quickly and in great 
numbers (Tan & Grewal, 2001; MacMillen et al., 2009, Rae et al., 2009; Nermuť et 
al., 2014). It does not need a terrestrial gastropod to complete its lifecycle and has 
been grown under laboratory conditions for over 20 years (Wilson et al. 1993a) and 
initial research outlined the optimum bacteria and growth conditions that are needed 
to grow P. hermaphrodita en masse (Wilson et al., 1995b, c). Another advantage of 
using P. hermaphrodita is that it can also be grown easily in vivo in slug hosts 
following protocols by Wilson (2012).  
Entomopathogenic nematodes (Steinernema and Heterorhabditis spp.) have 
been proposed as genetic models to understand the genetics of bacterial symbiosis and 
parasitism. Recently, the genomes and transcriptomes of several Steinernema species 
including S. carpocapsae, S. scapterisci, S. monticolum, S. feltiae and S. glaseri have 
been sequenced and unravelled an abundance of protease genes that are thought to 
responsible for causing death to insects (Dillman et al., 2015). Also the genome of 
Heterorhabditis bacteriophora has been sequenced and has revealed that 
approximately 50% of putative protein coding genes had no homology to other 
sequenced nematodes (Bai et al., 2013). The sister group of the Heterorhabditidae is 
the Strongylomorpha (Blaxter et al., 1998), thus making their phylogenetic position 
very exciting in comparative genomic studies. Undoubtedly, both of these nematodes, 
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coupled with genetic tools such as RNAi (which has been shown to work in H. 
bacteriophora; Ratnappan et al., 2016) hold huge potential for identifying genes 
involved with insect pathogenicity due to the evolution of bacterial symbiosis. 
However, P. hermaphrodita is different. It does not have a strict symbiotic 
relationship with bacteria and associates with a vast array of many different species 
(Rae et al., 2010). It is true that P. hermaphrodita is grown on Moraxella osloensis 
under factory conditions and that large quantities, when injected, will kill slugs such 
as Deroceras reticulatum (Tan & Grewal, 2001), but the bacterium is not vertically 
transmitted to further nematode offspring (which are pathogenic to slugs) (Rae et al., 
2010) and P. hermaphrodita can kill slugs without M. osloensis and when grown on 
lots of different bacterial species (Wilson et al., 1995b, c). Hence, M. osloensis is 
unnecessary for P. hermaphrodita to kill slugs (see Wilson & Rae, 2015). Therefore, 
P. hermaphrodita could be used as a genetic model to understand the evolutionary 
emergence of parasitism and not the evolution of parasitism due to bacterial 
symbiosis.  
 
Phasmarhabditis spp. are easy to isolate from the wild 
 
 For any burgeoning nematode genetic model it is absolutely essential that it 
can be collected and isolated easily from the wild. This is true for current nematode 
models. Global sampling efforts have isolated several hundred C. elegans strains and 
26 Caenorhabditis species from six continents (Frezal & Felix, 2015), which are 
available from the Caenorhabditis Genetic Stock Centre (USA). Similarly, sampling 
efforts by Pristionchus researchers have collected 28 species of Pristionchus 
(Ragsdale et al., 2015) and hundreds of strains of P. pacificus are available from the 
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Sommer laboratory, Tübingen, Germany (Morgan et al., 2012). These natural isolates 
have shown natural genetic variation in behaviour, cold tolerance and dauer formation 
in P. pacificus (Hong et al., 2008; Mayer & Sommer, 2011; McGaughran & Sommer, 
2014) and in C. elegans natural variation approaches have been successful in 
understanding genes involved with hybrid incompatibility, copulatory plugging, 
foraging behaviour and thermal tolerance (De Bono & Bargmann, 1998; Harvey & 
Viney, 2007; Rockman & Kruglyak, 2009). These collections, whether of C. elegans 
or P. pacificus, allow for in depth analysis of traits at the macro- and micro-
evolutionary level and Phasmarhabditis and P. hermaphrodita do not have to be any 
different. Phasmarhabditis spp. are easy to isolate (Wilson et al., 2016), can be 
cultured on rotting slug or agar plates (Wilson, 2012) and can be identified easily with 
species-specific PCR primers (Read et al., 2006). There are many studies over the last 
20 years that have dissected, chopped, killed and collected slugs and snails looking 
for Phasmarhabditis spp. For example, 956 slugs were collected by Tandingan De 
Ley et al. (2014), which yielded 10 isolates of Phasmarhabditis spp, including four P. 
hermaphrodita from California, USA. While this is a very low return, it is in stark 
contrast to a survey conducted by Morand et al. (2004) who found that 18-64% of 
slugs were infected with P. hermaphrodita and 33-100% of slugs were infected by P. 
neopapillosa. By taking similar approaches P. hermaphrodita and Phasmarhabditis 
species have been isolated around the world, including UK (Wilson et al., 1993ab), 
Germany (Schneider, 1859; Mengert, 1953), France (Coupland, 1995; Maupas, 1900), 
Czech Republic (Nermuť et al., 2010, 2016a), Iran (Karimi et al., 2003), Egypt 
(Azzam, 2003; Genena et al., 2011), Norway (Ross et al., 2015), Chile (France & 
Gerding, 2000), New Zealand (Wilson et al., 2012) and South Africa (Ross et al., 
2012). Recently, new species of Phasmarhabditis have been isolated in China (P. 
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huizhouensis) (Huang et al., 2015), Italy (P. apuliae) (Nermuť et al., 2016a) and in 
Czechoslovakia (P. bonaquaense and P. bohemica) (Nermuť et al., 2016b, c). Also a 
new species of Phasmarhabditis (P. californica) has been isolated and described from 
the USA (Tandingan De Ley et al., 2016). Interestingly, this species has also been 
found in New Zealand and recently it has been found parasitising slugs (Geomalacus 
maculosus) in Ireland (Carnaghi et al., 2017) and snails in Wales (Rae, unpublished).  
As many Phasmarhabditis species and P. hermaphrodita have been isolated around 
the world this opens up collaborative efforts to understand the genetic diversity of 
these species using population genomics as well as looking at natural genetic variation 
in virulence towards slugs. By screening through hundreds of species or strains of P. 
hermaphrodita, if natural variation in virulence was observed, strains showing 
extreme phenotypes could be mated and Genome Wide Association Studies (GWAS) 
could be carried out to discover genes essential for pathogencity towards slugs and 
their evolution across the genus. From an applied perspective the discovery of these 
strains and species from around the world could enhance the use of Phasmarhabditis 
as a biological agent to control not just slugs but also snails that are vectors of human 
disease. For example, it was recently shown that P. hermaphrodita can kill 
Biomphalaria spp., which are vectors of Schistosoma mansoni in Africa (Okonjo et 
al., 2015).  
 
Phasmarhabditis hermaphrodita as a model to understand the genetics of host 
interactions 
 
Four out of five clades of Nematoda (Blaxter et al., 1998) include slug 
parasitic nematodes, which suggest there are multiply origins of slug parasitism (Ross 
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et al., 2010). These include seven families of nematodes (Agfidae, Alloionematidae, 
Angiostomatidae, Cosmocercidae, Diplogasteridae, Mermithidae and Rhabditidae) 
and 108 described species of nematode (Grewal et al., 2003a). These nematodes use 
slugs and snails as paratenic, definitive and intermediate hosts. Of the 61 nematode 
species that use molluscs as intermediate hosts, 49 of these are from the 
Metastrongyloidea (Grewal et al., 2003a). Of the 47 species that use molluscs as 
definitive hosts, 33 belong to the Rhabditida (Grewal et al., 2003a). Of the 108 
species of nematodes that use molluscs as hosts the only species that has evolved to 
be pathogenic towards them is P. hermaphrodita. It is a gastropod-specific parasite 
and does not affect other organisms such as earthworms, flatworms, acarids, 
collembolans or insects (Grewal & Grewal, 2003; Iglesias et al., 2003; DeNardo et 
al., 2004; Rae et al., 2005). Thirty-six slug and snail species have been tested for 
susceptibility to P. hermaphrodita (strain P. hermaphrodita DMG0001) (Table 1). 
The conclusions from these experiments should be taken with some caution. This is 
because these tests have always been carried out with the commercial strain of P. 
hermaphrodita (designated DMG0001), which was isolated over 20 years ago, and 
these experiments have never been repeated with any other naturally isolated 
Phasmarhabditis species. It is therefore unknown if natural strains differ in their 
pathogenicity towards slugs. The only study looking at this was by Wilson et al. 
(2012) who showed that a strain of P. hermaphrodita isolated from slugs in New 
Zealand was pathogenic to D. reticulatum. 
It is clear that P. hermaphrodita is able to parasitise and kill many different 
pestiferous slug species including D. reticulatum, D. panormitanum, Arion ater, 
Milax budapestensis and M. sowerbyi (Wilson et al., 1993ab; Rae et al., 2009). There 
are however, some slug species that are resistant to P. hermaphrodita such as Limax 
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pseudoflavus and Limax maximus (Rae et al., 2008; Grewal et al., 2003b). In general 
all slugs from the Limacidae tested are resistant, whereas all Agriolimacidae are 
highly susceptible. The reasons for this are unknown. Some slug species are only 
susceptible as juveniles e.g., A. ater and A. lusitanicus (Wilson et al. 1993ab). Snails, 
like slugs, differ in their susceptibility to P. hermaphrodita. For example, Helix 
aspersa (young stages) and Cernuella virgata are susceptible to P. hermaphrodita but 
some species such as Cepaea nemoralis and Discus rotundatus are resistant 
(Coupland, 1995; Wilson et al., 2000). Interestingly, some of these infection studies 
have obtained different results. For example, C. hortensis and L. stagnalis have been 
shown to be susceptible to P. hermaphrodita in some studies (Wilson et al., 2000; 
Morley & Morrit, 2006), whilst resistant in others (Rae et al., 2009; Whitaker & Rae, 
2015). Perhaps there is natural genetic variation in host immunity towards these 
nematodes from snails collected from different areas?  
How slugs and snails combat infection by P. hermaphrodita has not been 
investigated in any great detail. One study (Scheil et al., 2014) investigated if 
phenoloxidase (PO) activity was altered in infected snails but found there was no 
effect. However, recently, snails such as C. nemoralis and Achatina fulica were 
shown to have the ability to trap, encase and kill parasitic nematodes in their shell 
(Williams and Rae, 2015; 2016). Although to investigate this further more extensive 
molecular analysis will have to be carried out to profile the genes that are responsible 
for producing the shell, such as calcite and aragonite as well as glycoproteins and 
polysaccharides (Marin & Luquet, 2004). 
 
Phasmarhabditis hermaphrodita as a genetic model that can be used to 
understand parasite behaviour and how parasites manipulate host behaviour 
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As well as virulence P. hermaphrodita could be used to study the genetics of 
parasite behaviour. In order to find hosts P. hermaphrodita responds to slug mucus 
and faeces, dead slugs and host volatiles (Rae et al., 2006, 2009; Hapca et al., 2007a, 
b; Nermuť et al., 2012). These experiments were based on a modified assay that is 
commonly used by C. elegans researchers, e.g. Bargmann et al. (1993), to examine 
genes and neurons involved with behaviour. An important point to note about the use 
of P. hermaphrodita to study behaviour is that it can be observed not only on agar 
plates (Rae et al., 2006, 2009; Hapca et al., 2007a) but also in more realistic 
ecologically relevant substrates such as sand and soil (Hapca et al., 2007b; Macmillan 
et al., 2009; Nermuť et al., 2012). Therefore it should be possible to use forward 
genetics and mutagenise nematodes and look for mutants that are defective in 
attraction to slug mucus (or showing increased attraction), which may reveal 
ecologically important genes essential for chemotactic behaviour in soil. Another 
important point is that researchers using C. elegans and P. pacificus in chemotaxis 
assays concentrate on the adult stage of the lifecycle (Bargmann et al., 1993; Hong et 
al., 2008). In a parasitic nematode species, such as P. hermaphrodita (and all 
rhabditid nematodes parasites), this approach would not be ecologically relevant as it 
is the dauer stage that is used to find and penetrate into hosts. Dauer stage P. 
hermaphrodita have been used in all chemotaxis experiments (Rae et al., 2006, 2009; 
Hapca et al., 2007a, b; Nermuť et al., 2012) and not adults and other stages as they 
cannot penetrate into slugs (Tan & Grewal, 2001) as their main purpose is to feed on 
bacteria and reproduce. In summary, by using P. hermaphrodita ecologically relevant 
genes and neurons responsible for finding gastropod hosts in P. hermaphrodita could 
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be identified and compared with C. elegans behaviour regulatory networks which 
could provide fascinating insight into the evolution of host seeking behaviour. 
Once a slug is infected by P. hermaphrodita it can severely affect the 
behaviour of its host. For example, infection by P. hermaphrodita makes slugs slower 
(Bailey et al., 2003), stop feeding (Glen et al., 2000), die and be avoided by predators 
(Foltan & Puza, 2009), move down into soil to die (Pechova & Foltan, 2008), more 
likely to be found under refuge traps (Wilson et al., 1994), and freshwater snails 
(Lymnaea stagnalis) are more likely to be found outside water (Morley & Morrit, 
2006). The advantages of controlling slug behaviour means that the host can be 
positioned in a place that is better for the growth and reproduction of the nematodes 
and its offspring e.g., deeper down in soil or away from freshwater. In vivo genetic 
analysis of P. hermaphrodita when infecting slugs or snails using transcriptomics and 
RNA-Seq could provide an unparalleled opportunity to unravel novel genes that are 
responsible for manipulating the behaviour of hosts.    
Uninfected slugs can detect and avoid areas where P. hermaphrodita has been 
applied (Wilson et al., 1999; Wynne et al., 2016). This is interesting, not only from an 
agricultural application and financial point of view as less nematodes could be applied 
to crops deterring slugs from those areas (Hass et al., 1999), but also from an 
evolutionary and genetic perspective. This means that over time slugs have evolved 
closely with P. hermaphrodita and are aware that these nematodes have the ability to 
cause ill health. This poses questions such as: what are the nematodes producing that 
the slugs are detecting? How do slugs detect nematodes? Are there strains of P. 
hermaphrodita that are not detected by slugs? Ultimately, the answers to these 
questions, and many others, could be answered by analysis of the secretome of P. 
hermaphrodita. This approach successfully identified small molecules, such as 
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ascarosides, which are exuded from C. elegans (and other nematodes such as P. 
pacificus) and are regulators of a vast array of processes such as dauer formation and 
olfaction (Ludewig & Schroeder, 2013). 
 
Conclusions 
 
Currently, there are no forward, reverse or transgenic techniques that have 
been developed for P. hermaphrodita but the genomes and transcriptomes of P. 
hermaphrodita (and several other Phasmarhabditis species) are currently being 
sequenced and are part of the 959 Nematode Genomes initiative (Kumar et al., 2012). 
To unravel genes involved in the evolution of virulence the ideal analysis would 
involve comparing the genome of P. hermaphrodita to C. elegans or C. briggsae. 
Could C. elegans become pathogenic to slugs and snails if these potential virulence 
genes were transferred from P. hermaphrodita? Coupled with comparisons of the 
genomes of C. elegans and P. hermaphrodita, transcriptomics and RNA-Seq could be 
used to profile the genes that are being expressed by P. hermaphrodita when infecting 
slugs. The analysis of the genome of P. hermaphrodita and development of genetic 
tools could unravel genes involved in an array of processes and it could enhance the 
use of P. hermaphrodita or Phasmarhabditis spp. as a biological control agents of 
slugs and snails that are of agricultural and health importance not just in northern 
Europe but worldwide.  
 
Acknowledgements 
 
 18 
I am very grateful to Rolo Perry who encouraged me to write this manuscript 
and to two anonymous reviews for comments. More information about 
Phasmarhabditis can be found at the author’s blog: phasmarhabditis@wordpress.org  
 
References 
 
Aboobaker, A.A. & Blaxter, M.L. (2003). Use of RNA interference to investigate 
gene function in the human filarial nematode parasite Brugia malayi. 
Molecular & Biochemical Parasitology 129, 41-51. 
http://dx.doi.org/10.1016/S0166-6851(03)00092-6 
Abebe, E., Jumba, M., Bonner, K., Gray, V., Morris, K. & Kelly, W.T. (2010). An 
entomopathogenic Caenorhabditis briggsae. Journal of Experimental Biology 
213, 3223-3229. DOI: 10.1242/jeb.043109 
Andrássy, I. (1983). A taxonomic review of the sub-order Rhabditina (Nematoda: 
Secernentae). Paris, France, Office de la Recherche Scientifique et Technique, 
Outre-Mer. 
Azzam, K.M. (2003). Description of the nematode Phasmarhabditis tawfiki n. sp. 
isolated from Egyptian terrestrial snails and slugs. Journal of the Egyptian 
German Society for Zoology 42, 79-87. 
Bai, X., Adams, B.J., Ciche, T.A., Clifton, S., Gaugler, R., Kim, K-S., Spieth, J., 
Sternberg, P.W., Wilson, R.K. & Grewal, P.S. (2013). A lover and a fighter: 
the genome sequence of an entomopathogenic nematode Heterorhabditis 
bacteriophora. PLoS ONE 8(7): e69618. DOI: 10.1371/journal.pone.0069618 
Bailey, S.E.R., Cairns, A., Latham, R., Abdel Kasi, M & Manning, P. (2003). Onset 
of immobilization on the slug Deroceras reticulatum Muller parasitized by the 
 19 
nematode Phasmarhabditis hermaphrodita Schneider. In: Slugs and snails: 
Agricultural, veterinary and environmental perspectives. Alton, Hampshire, 
UK, British Crop Protection Council (BCPC) Symposium Proceedings No. 80, 
pp. 215-220. 
Bargmann, C.I., Hartwieg, E. & Horvitz, H.R. (1993). Odorant-selective genes and 
neurons mediate olfaction in C. elegans. Cell 74, 515-527. 
http://dx.doi.org/10.1016/0092-8674(93)80053-H 
Blaxter, M. & Koutsovoulos, G. (2015). The evolution of parasitism in Nematoda. 
Parasitology 142, S26-S39. DOI:  10.1017/S0031182014000791 
Blaxter, M.L., de Ley, P., Garey, J.R., Liu, L.X., Scheldeman, P., Vierstraete, A., 
Vanfleteren, J.R., Mackey, L.Y., Dorris, M., Frisse, L.M. et al. (1998). A 
molecular evolutionary framework for the phylum Nematoda. Nature 392, 71-
75. DOI:10.1038/32160 
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71-94. 
Carnaghi, M., Rae, R., Bistline-East, A., Carey, J., Johnston, E., Kindermann, G., 
McDonnell, R., O’Hanlon, A., Reich, I., Shearan, J. et al. (2017). Investigation 
of susceptibility of a protected slug species (Geomalacus maculosus) to four 
biocontrol nematode species. Nematode associates and susceptibility of a 
protected slug (Geomalacus maculosus) to four biocontrol nematodes. 
Biocontrol, Science and Technology 1-10. 
http://dx.doi.org/10.1080/09583157.2016.1277418 (in press). 
Cold Spring Harbour Laboratory Archives Repository (2017). “126. N 
Isolation.” Brenner, S. (2017).  Reference SB/6/5/126, accessed January 
19, 2017, http://libgallery.cshl.edu/items/show/75709. 
Formatted: Font: Times New Roman, 12 pt
Commented [r1]: Any details? 
 20 
Coupland, J.B. (1995). Susceptibility of helicid snails to isolates of the nematode 
Phasmarhabitis hermaphrodita from southern France. Journal of Invertebrate 
Pathology 66, 207-208. DOI : 10.1006/jipa.1995.1088 
Dankowska, E., (2006). Laboratory studies on the use of a nematode Phasmarhabditis 
hermaphrodita (Schneider) in slug control. Folia Malacologica 14, 61-62. 
http://dx.doi.org/10.12657/folmal.014.009 
De Bono, M. & Bargmann, C.I. (1998). Natural variation in a neuropeptide Y receptor 
homolog modifies social behaviour and food response in C. elegans. Cell 94, 
679-689. https://doi.org/10.1016/s0092-8674(00)81609-8 
DeNardo, E.A.B., Sindermann, A.B., Grewal, S.K. & Grewal, P.S. (2004). Non-
susceptibility of earthworm Eisenia fetida to the rhabditid nematode 
Phasmarhabditis hermaphrodita, a biological agent of slugs. Biocontrol 
Science and Technology 14, 93-98. 
http://dx.doi.org/10.1080/0958315031000151693 
Dieterich, C., Clifton, S.W., Schuster, L.N., Chinwalla, A., Delehaunty, K., 
Dinkelacker, I., Fulton, L., Fulton, R., Godfrey, J., Minx, P. et al. (2008). The 
Pristionchus pacificus genome provides a unique perspective on nematode 
lifestyle and parasitism. Nature Genetics 40, 1193-1198. DOI: 10.1038/ng.227 
Dillman, A.R., Macchietto, M., Porter, C.F., Rogers, A., Williams, B., Antoshechkin, 
I., Lee, M-M., Goodwin, Z., Lu, X., Lewis, E.E. et al. (2015). Comparative 
genomics of Steinernema reveals deeply conserved gene regulatory networks. 
Genome Biology 16, 200 DOI: 10.1186/s13059-015-0746-6. 
Ester, A., Rozen Van, K. & Molendijk, L.P.G. (2003a). Field experiments using the 
rhabditid nematode Phasmarhabditis hermaphrodita or salt as control 
 21 
measures against slugs in green asparagus. Crop Protection 22, 689-695. 
http://dx.doi.org/10.1016/S0261-2194(03)00003-6 
Ester, A., Huiting, H.F., Molendijk, L.P.G. & Vlaswinkel, M.E.T. (2003b). The 
rhabditid nematode Phasmarhabditis hermaphrodita Schneider as a potential 
biological agent to control field slugs Deroceras reticulatum (Muller) in 
Brussels sprouts. In: Slugs and snails: Agricultural, veterinary and 
environmental perspectives. Alton, Hampshire, UK, British Crop Protection 
Council (BCPC) Symposium Proceedings No. 80, pp. 313-318. 
Ester, A., Rozen Van, K. & Hazendonk, A. (2003c).  Efficacy of pesticides to control 
Lehmannia valentiana (Ferussac) in orchids (Cymbidium) in greenhouse 
experiments. In: Slugs and snails: Agricultural, veterinary and environmental 
perspectives. Alton, Hampshire, UK, British Crop Protection Council (BCPC) 
Symposium Proceedings No. 80, pp. 89-94. 
Foltan, P. & Puza, V. (2009). To complete their life cycle, pathogenic nematode-
bacteria complexes deter scavengers from feeding on their host cadaver. 
Behavioural Processes 80, 76-79. DOI: 10.1016/j.beproc.2008.09.012 
France, A. & Gerding, M. (2000). Discovery of Phasmarhabditis hermaphrodita in 
Chile and its pathological differences with the UK isolate in slug control. 
Journal of Nematology 32, 430. 
Frezal, L. & Felix, M.A. (2015). The natural history of model organism: C. elegans 
outside the Petri dish. eLife 4, e05849. https://doi.org/10.7554/elife.05849 
Geldhof, P., Murray, L., Couthier, A., Gilleard, J.S., McLauchlan, G. et al. (2006). 
Testing the efficacy of RNA interference in Haemonchus contortus. 
International Journal of Parasitology 36, 801-810. 
https://doi.org/10.1016/j.ijpara.2005.12.004 
 22 
Geldhof, P., Visser, A., Clark, D., Saunders, G., Britton, C. et al. (2007). RNAi 
interference in parasitic helminths: current situation, potential pitfalls and 
future prospects. Parasitology 134, 609-619. 
https://doi.org/10.1017/s0031182006002071  
Genena, M.A.M., Mostafa, F.A.M., Fouly, A.H. & Yousef, A.A. (2011). First record 
of the slug parasitic nematode, Phasmarhabditis hermaphrodita (Schneider) in 
Egypt. Archives of Phytopathology and Plant Protection 44, 340-345. 
https://doi.org/10.1017/s0031182006002071 
Glen, D.M., Wilson, M.J., Hughes, L., Cargeeg, P. & Hajjar, A. (1996). Exploring 
and exploiting the potential of the rhabditid nematode Phasmarhabditis 
hermaphrodita as a biocontrol agent for slugs, in Slugs and Snails: 
Agricultural, Veterinary and Environmental Perspectives. British Crop 
Protection Council (BCPC) Symposium Proceedings No. 66, pp. 271-280. 
Glen, D.M., Wiltshire, C.W., Hughes, L., Ester, A., Van Rozen, K., Castillejo, J., 
Iglesias, J., Speiser, B., Coupland, J. & Gwynn, R. (2000). The use of slug-
parasitic nematodes and other techniques for control of slug and snail damage 
in horticultural crops In: Pests and Diseases. Alton, Hampshire, UK, British 
Crop Protection Council (BCPC) Symposium Proceedings, pp. 345-350. I 
can’t seem to find a number for the Proceedings and when I look at other 
papers that have cited this, they also don’t have a number. 
Grewal, S.K. & Grewal, P.S. (2003). Survival of earthworms exposed to the slug-
parasitic nematode Phasmarhabditis hermaphrodita. Journal of Invertebrate 
Pathology 82, 72-74. https://doi.org/10.1016/s0022-2011(02)00200-8 
Grewal, S.K., Grewal, P.S., Taylor, R.A.J. & Hammond, R.B. (2001). Application of 
molluscicidal nematodes to slug shelters: a novel approach to economic 
Commented [r2]: Is there a number for these 
Proceedings? 
 23 
biological control of slugs. Biological Control 22, 72-80. 
https://doi.org/10.1006/bcon.2001.0958 
Grewal, P.S., Grewal, S.K., Tan, L. & Adams, B.J. (2003a). Parasitism of molluscs by 
nematodes: types of associations and evolutionary trends. Journal of 
Nematology 35, 146-156.  
Grewal, S.K., Grewal, P.S. & Hammond, R.B. (2003b). Susceptibility of north 
American native and non-native slugs (Mollusca: Gastropoda) to 
Phasmarhabditis hermaphrodita (Nematoda: Rhabditidae). Biocontrol Science 
and Technology 13, 119-125. https://doi.org/10.1080/0958315021000054449 
Grimm, B. (2002). Effect of the nematode Phasmarhabditis hermaphrodita on young 
stages of the pest slug Arion lusitanicus. Journal of Molluscan Studies 68, 25-
28. https://doi.org/10.1093/mollus/68.1.25 
Hapca, S., Budha, P., Crawford, J. & Young, I. (2007a). Movement of 
Phasmarhabditis hermaphrodita nematode in a structurally heterogeneous 
structure. Nematology 95, 731-738. DOI: 10.1163/156854107782024811 
Hapca, S., Crawford, J., Rae, R., Wilson, M. & Young, I. (2007b). Movement of the 
parasitic nematode Phasmarhabditis hermaphrodita in the presence of the slug 
Deroceras reticulatum. Biological Control 41, 223-229. 
https://doi.org/10.1016/j.biocontrol.2007.01.005 
Harvey, S.C. & Viney, M.E. (2007). Thermal variation reveals natural variation 
between isolates of Caenorhabditis elegans. Journal of Experimental Zoology 
308, 409-416. https://doi.org/10.1002/jez.b.21161 
Hass, B., Hughes, L.A. & Glen, D.M. (1999). Overall versus band application of the 
nematode Phasmarhabditis hermaphrodita with and without incorporation 
 24 
into soil, for biological control of slugs in winter wheat. Biocontrol, Science 
and Technology 9, 579-586. https://doi.org/10.1080/09583159929532 
Herrmann, M., Mayer, W.E. & Sommer, R.J. (2006). Nematodes of the genus 
Pristionchus are closely associated with scarab beetles and the Colorado 
potato beetle in Western Europe. Zoology 109, 96-108. 
https://doi.org/10.1016/j.zool.2006.03.001 
Hong, R.L., Witte, H. & Sommer, R.J. (2008). Natural variation in Pristionchus 
pacificus insect pheromone attraction involves the protein kinase EGL-4. 
Proceedings of the National Academy of Sciences of the United States of 
America 105, 7779-7784. https://doi.org/10.1073/pnas.0708406105 
Hooper, D.J., Wilson, M.J., Rowe, J.A. & Glen, D.M. (1999). Some observations on 
the morphology and protein profiles of the slug parasitic nematodes 
Phasmarhabditis hermaphrodita and P. neopapillosa (Nematoda: 
Rhabditidae). Nematology 1, 173-182. DOI: 10.1163/156854199508144 
Huang, R-E., Ye, W., Ren, X. & Zhao, Z. (2015). Morphological and molecular 
characterization of Phasmarhabditis huizhouensis sp. nov. (Nematoda: 
Rhabdididae), a new rhabditid nematode from South China. PLoS One DOI: 
10.1371/journal.pone.0144386. 
Hussein, A.S., Kichenin, K. & Selkirk, M.E. (2002). Suppression of secreted 
acetylcholinesterase expression in Nippostrongylus brasiliensis by RNA 
interference. Molecular & Biochemical Parasitology 122, 91-94. 
https://doi.org/10.1016/s0166-6851(02)00068-3 
Iglesias, J. & Speiser, B. (2001). Consumption rate and susceptibility to parasitic 
nematodes and chemical molluscicides of the pest slugs Arion hortensis and A. 
 25 
distinctus. Journal of Pesticide Science 74, 159-166. 
https://doi.org/10.1046/j.1439-0280.2001.01037.x 
Iglesias, J., Castillejo, J. & Castro, R. (2003). The effect of repeated applications of 
the molluscicides metaldehyde and the biocontrol nematode Phasmarhabditis 
hermaphrodita on molluscs, earthworms, nematodes, acarids and 
collembolans: a two year study in North West Spain. Pest Management 
Science 59, 1217-1224. https://doi.org/10.1002/ps.758 
Islam, M.K., Miyoshi, T., Yamada, M. & Tsuji, N. (2005). Pyrophosphate of the 
roundworm Ascaris suum plays an essential role in the worm’s moulting and 
development. Infection and Immunity 73, 1995-2004. 
https://doi.org/10.1128/iai.73.4.1995-2004.2005 
Karimi, J., Kharazi-Pakadel, A. & Robert, S.J. (2003). Report of pathogenic 
nematodes from slugs, Phasmarhabditis hermaphrodita (Nematoda: 
Rhabditida) in Iran. Journal of Entomological Society of Iran 22, 77-78. 
Kiontke, K & Sudhaus, W. (2006). Ecology of Caenorhabditis species. The C. 
elegans Research Community, WormBook, DOI/10.1895/wormbook.1.141.1. 
Kiontke, K., Barriere, A., Kolotuev, I., Podbilewicz, B., Sommer, R., Fitch, D.H.A. & 
Felix, M.A. (2007). Trends, stasis and drift in the evolution of nematode vulva 
development. Current Biology 17, 1925-1937. 
https://doi.org/10.1016/j.cub.2007.10.061 
Kumar, S., Schiffer, P.H. & Blaxter, M. (2012). 959 Nematode genomes: a semantic 
wiki for coordinating sequencing projects. Nucleic Acids Research 40, 1295-
1300. DOI: 10.1093/nar/gkr826. 
 Lo, T.-W., Pickle, C.S., Lin, S., Ralston, E.J., Gurling, M., Schartner, C.M., Bian, Q., 
Doudna, J.A. & Meyer, B.J. (2013). Precise and heritable genome editing in 
 26 
evolutionary diverse nematodes using TALENs and CRISPR/Cas9 to engineer 
insertions and deletions. Genetics 195, 331-348. 
https://doi.org/10.1534/genetics.113.155382 
Lok, J.B. (2007). Strongyloides stercoralis: a model for translational research on 
parasitic nematode biology. The C. elegans Research Community, 
WormBook, DOI/10.1895/wormbook.1.141.1. 
Lok, J.B. & Unnasch, T.R. (2013). Transgenesis in animal parasitic nematodes: 
Strongyloides spp. and Brugia spp. The C. elegans Research Community, 
WormBook, DOI/10.1895/wormbook.1.141.1. 
Ludewig, A.H. & Schroeder, F.C. (2013). Ascaroside signalling in C. elegans. The C. 
elegans Research Community, WormBook, DOI/10.1895/wormbook.1.141.1. 
MacMillen, K., Haukeland, S., Rae, R.G., Young, I.M., Crawford, J.W., Hapca, S. & 
Wilson, M.J. (2009). Dispersal patterns and behaviour of the nematode 
Phasmarhabditis hermaphrodita in mineral soils and organic media. Soil 
Biology and Biochemistry 41, 1483-1490. 
https://doi.org/10.1016/j.soilbio.2009.04.007 
 Marin, F. & Luquet, G. (2004). Molluscan shell proteins. Comptes Rendus Palevol 3, 
469-492. https://doi.org/10.1016/j.crpv.2004.07.009 
Maupas, E. (1900). Modes et forms de reproduction des nematodes. Archives de 
Zoologie 8, 464-642. 
Mayer, M.G. & Sommer, R.J. (2011). Natural variation in Pristionchus pacificus 
dauer formation reveals cross-preference rather than self-preference of 
nematode dauer pheromones. Proceedings of the Royal Society 278, 2784-
2790. https://doi.org/10.1098/rspb.2010.2760 
 27 
McGaughran, A. & Sommer, R.J. (2013). Natural variation in cold tolerance in the 
nematode Pristionchus pacificus: the role of genotype and environment. 
Biology Open 3, 832-838. https://doi.org/10.1242/bio.20148888 
Mengert, H. (1953). Nematoden und Schneken. Zeitschrift fur Morphologie und 
Okologie der Tierre 41, 311-349. 
Mitreva, M. & Jasmer, D.P. (2006). Biology and genome of Trichinella spiralis. The 
C. elegans Research Community, WormBook, 
DOI/10.1895/wormbook.1.141.1. 
Morand, S., Wilson, M.J. & Glen, D.M. (2004). Nematodes (Nematoda) parasitic in 
terrestrial gastropods. In: Barker, G.M. (Ed.). Natural enemies of terrestrial 
molluscs. Wallingford, UK, CABI Publishing, pp. 525-557525-557. 
https://doi.org/10.1079/9780851993195.0525 
Morgan, K., MacGaughran, A., Villate, L.  Herrmann, M., Witte, H., Bartelmes, G., 
Rochat, J. & Sommer, R.J. (2012). Multi-locus analysis of Pristionchus 
pacificus on La Reunion island reveals an evolutionary history shaped by 
multiple introductions, constrained dispersal events, and rare outcrossing. 
Molecular Ecology 21, 250-266. https://doi.org/10.1111/j.1365-
294x.2011.05382.x 
Morley, N.J. & Morrit, D. (2006). The effects of the slug biological control agent, 
Phasmarhabditis hermaphrodita (Nematoda) on non-target aquatic molluscs. 
Journal of Invertebrate Pathology 92, 112-114. 
https://doi.org/10.1016/j.jip.2006.04.001 
Nermuť, J., Půža, V. & Mráček, Z. (2010). The first report on the slug parasitic 
nematode Phasmarhabditis hermaphrodita (Nematoda: Rhabditidae) in the 
Commented [r3]: Page range needed 
 28 
Czech Republic In: 30th International Symposium of the European Society of 
Nematologists, Vienna, Austria, p. 56. 
Nermuť, J., Půža, V. & Mráček, Z. (2012). The response of Phasmarhabditis 
hermaphrodita (Nematoda: Rhabditidae) and Steinernema feltiae (Nematoda: 
Steinernematidae) to different host-associated cues. Biological Control 61, 
201-206. http://dx.doi.org/10.1016/j.biocontrol.2012.02.009 
Nermuť, J., Půža, V. & Mráček, Z. (2014). The effect of different growing substrates 
on the development and quality of Phasmarhabditis hermaphrodita 
(Nematoda: Rhabditidae). Biocontrol, Science and Technology 24, 1026-1038. 
https://doi.org/10.1080/09583157.2014.915926 
Nermuť, J., Půža, V. & Mráček, Z. (2016a). Phasmarhabditis apuliae n. sp. 
(Nematoda: Rhabditidae), a new rhabditid nematode from milacid slugs. 
Nematology 18, 1095-1112. https://doi.org/10.1163/15685411-00003017 
Nermuť, J., Půža, V. Mekete, T. & Mráček, Z. (2016b). Phasmarhabditis 
bonaquaense n. sp. (Nematoda: Rhabditidae), a new slug parasitic nematode 
from the Czech Republic. Zootaxa 4179, DOI: 10.11646/zootaxa.4179.3.8 
Nermuť, J., Půža, V. Mekete, T. & Mráček, Z. (2016c). Phasmarhabditis bohemica n. 
sp. (Nematoda: Rhabditidae), a slug-parasitic nematode from the Czech 
Republic. Nematology, DOI: 10.1163/15685411. 
Okonjo, E., Achieng, G., Adundo, J., Ojowi, D. & Bayo, J. (2015). Evaluation of the 
beneficial nematode Phasmarhabditis hermaphrodita in the control of 
Biomphalaria pfeifferi. The African Journal of Health Sciences 28, 168-170. 
Pechova, H. & Foltan, P. (2008). The parasitic nematode Phasmarhabditis 
hermaphrodita defends its slug host from being predated or scavenged by 
 29 
manipulating host spatial behaviour. Behavioural Processes 78, 416-420. 
https://doi.org/10.1016/j.beproc.2008.02.011 
Petersen, C., Hermann, R.J., Barg, M.C., Schalkowski, R., Dirksen, P., Barbosa, C. & 
Schulenburg, H. (2015). Travelling at a slug’s pace: possible invertebrate 
vectors of Caenorhabditis nematodes. BMC Ecology 15:19. 
https://doi.org/10.1186/s12898-015-0050-z 
Poulin, R. (1998). Evolutionary ecology of parasites-from individuals to communities. 
London, UK, Chapman & Hall.  
Rae, R. & Sommer, R.J. (2011). Bugs don’t make worms kill. Journal of 
Experimental Biology 214, 1053. https://doi.org/10.1242/jeb.052480 
Rae, R.G., Robertson, J.F. & Wilson, M.J. (2005). Susceptibility of indigenous U.K. 
earthworms and an invasive pest flatworm to the slug parasitic nematode 
Phasmarhabditis hermaphrodita. Biocontrol Science and Technology 15, 623-
626. https://doi.org/10.1080/09583150500086870 
Rae, R.G., Robertson, J.F. & Wilson, M.J. (2006). The chemotactic response of 
Phasmarhabditis hermaphrodita (Nematoda: Rhabditidae) to cues of 
Deroceras reticulatum (Mollusca: Gastropoda). Nematology 8, 197-200. 
https://doi.org/10.1163/156854106777998746 
Rae, R., Verdun, C., Grewal, P.S., Robertson, J.F. & Wilson, M.J. (2007). Biological 
control of terrestrial molluscs using Phasmarhabditis hermaphrodita-progress 
and prospects. Pest Management Science 63, 1153-1164. 
https://doi.org/10.1002/ps.1424 
Rae, R.G., Robertson, J.F. & Wilson, M.J. (2008). Susceptibility and immune 
response of Deroceras reticulatum, Milax gagates and Limax pseudoflavus 
exposed to the slug parasitic nematode Phasmarhabditis hermaphrodita. 
 30 
Journal of Invertebrate Pathology 97, 61-69. 
https://doi.org/10.1016/j.jip.2007.07.004 
Rae, R.G., Robertson, J.F. & Wilson, M.J. (2009). Chemoattraction and host 
preference of the gastropod parasitic nematode Phasmarhabditis 
hermaphrodita. Journal of Parasitology 95, 517-526. 
https://doi.org/10.1645/ge-1637.1 
Rae, R.G., Tourna, M. & Wilson, M.J. (2010). The slug parasitic nematode 
Phasmarhabditis hermaphrodita associates with complex and variable 
bacterial assemblages that do not affect its virulence. Journal of Invertebrate 
Pathology 104, 222-226. https://doi.org/10.1016/j.jip.2010.04.008 
Ragsdale, E., Kanzaki, N. & Herrmann, M. (2015). Taxonomy and natural history: the 
genus Pristionchus. In: Sommer, R.J. (Ed). Pristionchus pacificus: A 
nematode model of comparative and evolutionary biology. Leiden, BRILL, pp. 
77-120. https://doi.org/10.1163/9789004260306_005 
Ratnappan, R., Vadnal. J., Keaney, M., Eleftherianos, I., O’Halloran, D. & Hawdon, 
J.M. (2016). RNAi-mediated gene knockdown by microinjection in the model 
Entomopathogenic nematode Heterorhabditis bacteriophora. Parasites and 
Vectors 9, 160 DOI: 10.1186/s13071-016-1442-4. 
Raut, S.K. & Barker, G.M. (2002). Achatina fulica Bowdich and other Achatinidae as 
pests in tropical agriculture. In: Barker, G.M. (Ed.). Molluscs as Crop Pests. 
CABI, U.K. pp. 55-114. https://doi.org/10.1079/9780851993201.0055 
Read, D.S., Sheppard, S.K., Bruford, M.W., Glen, D.M. & Symondson, W.O.C. 
(2006). Molecular detection of predation by soil micro-arthropods on 
nematodes. Molecular Ecology 15, 1963-1972. https://doi.org/10.1111/j.1365-
294x.2006.02901.x 
 31 
Rockman, M.V. & Kruglyak, L. (2009). Recombinational landscape and population 
genomics of Caenorhabditis elegans. PLoS Genetics 5:e1000419. 
https://doi.org/10.1371/journal.pgen.1000419 
Ross, J.L., Ivanova, E.S., Spiridonov, S.E., Waeyenberge, L., Moens, M., Nicol, G.W.  
& Wilson, M.J. (2010). Molecular phylogeny of slug-parasitic nematodes 
inferred from 18SrRNA gene sequences. Molecular Phylogenetics and 
Evolution 55, 738-743. https://doi.org/10.1016/j.ympev.2010.01.026 
Ross, J.L., Ivanova, E.S., Sirgel, W.F., Malan, A.P. & Wilson, M.J. (2012). Diversity 
and distribution of nematode associated with terrestrial slugs in Western Cape 
Province of South Africa. Journal of Helminthology 86, 215-221. 
https://doi.org/10.1017/s0022149x11000277 
Ross, J.L., Ivanova, E.S., Hatteland, B.A., Brurberg, M.B. & Haukeland, S. (2015). 
Survey of nematodes associated with terrestrial slugs in Norway. Journal of 
Helminthology 28, 1-5. https://doi.org/10.1017/s0022149x15000784 
Schneider, A. (1859). Uber eine Nematodenlarvae und gewisse Verschiedenheiten in 
den Geschlechtsorganen der Nematoden. Zeitschrift fur wissenschaftliche 
Zoologie 10, 176-178. 
Scheil, A.E., Hilsmann, S., Triebskorn, R. & Kohler, H.R. (2014). Shell colouration 
and parasite tolerance in two helicoid snail species. Journal of Invertebrate 
Pathology 117, 1-8. https://doi.org/10.1016/j.jip.2014.01.003 
Schulte, F. (1989). The association between Rhabditis necromena Sudhaus and 
Schulte, 1989 (Nematoda: Rhabditidae) and native and introduced millipedes 
in South Australia. Nematologica 35, 82-89. 
https://doi.org/10.1163/002825989x00089 
 32 
Sommer, R.J. (2015). Pristionchus pacificus: a nematode model for comparative and 
evolutionary biology. In: Nematode Monographs and Perspectives 11. (Series 
editors: Hunt, D.J. & Perry, R,N.). Leiden, The Netherlands, Brill. 
Sommer, R.J., Carmi, I., Eizinger, A., Grandien, K., Jungblut, B., Lee, K.Z., Nguyen, 
H., Pires de Silva, A., Schlak, I., Sigrist, C.B. et al. (2000). Pristionchus 
pacificus: a satellite organism in evolutionary developmental biology. 
Nematology 2, 81-88. https://doi.org/10.1163/156854100508791 
Speiser, B., Zaller, J.G. & Newdecker, A. (2001). Size-susceptibility of the pest slugs 
Deroceras reticulatum and Arion lusitanicus to the nematode biocontrol agent 
Phasmarhabditis hermaphrodita. Biocontrol 46, 311-320. 
Sudhaus, W. (1993). Redescription of Rhabditis (Oscheius) tipulae (Nematoda: 
Rhabditidae) associated with leatherjackets, larvae of Tipula paludosa 
(Diptera: Tipulidae). Nematologica 39, 234-239. 
https://doi.org/10.1163/187529293x00187 
Talwana, H., Sibanda, Z., Wanjohl, W., Kimenju, W., Luambano-Nyoni, N., 
Massawe, C., Manzanilla-Lopez, R.H., Davies, K.G., Hunt, D.J., Sikora, R.A. 
et al. (2016). Agricultural nematology in East and Southern Africa: problems, 
management strategies and stakeholder linkages. Pest Management Science 
72, 226-245. https://doi.org/10.1002/ps.4104 
Tan, L. & Grewal, P.S. (2001). Pathogenicity of Moraxella osloensis, a bacterium 
associated with the nematode Phasmarhabditis hermaphrodita, to the slug 
Deroceras reticulatum. Applied Environmental Microbiology 67, 5010-5016. 
https://doi.org/10.1128/aem.67.11.5010-5016.2001 
Tandingan De Ley, I.T., McDonnell, R.D., Lopez, S., Paine, T.D. & De Ley, P. 
(2014). Phasmarhabditis hermaphrodita (Nematoda: Rhabditidae), a potential 
 33 
biocontrol agent isolated for the first time from invasive slugs in North 
America. Nematology 16, 1129-1138. https://doi.org/10.1163/15685411-
00002838 
Tandingan De Ley, I., Holovachov, O., McDonnell, R.J., Bert, W., Paine, W. & De 
Ley, P. (2016). Description of Phasmarhabditis californica n. sp. and first 
report of P. papillosa (Nematoda: Rhabditidae) from invasive slugs in the 
USA. Nematology 18, 175-193. https://doi.org/10.1163/15685411-00002952 
Van Megen, H., Van den Elsen, S., Holterman, M., Karssen, G., Mooyman, P., 
Bongers, T., Holovachov, O., Bakker, J. & Helder, J. (2009). A phylogenetic 
tree of nematodes based on about 1200 full-length small subunit ribosomal 
DNA sequences. Nematology 11, 927-950. 
https://doi.org/10.1163/156854109x456862 
Viney, M.E. & Lok, J.B. (2007). Strongyloides spp. In: The C. elegans Research 
Community, WormBook, DOI/10.1895/wormbook.1.141.1. 
Viney, M.E., Green, L.D., Brooks, J.A. & Grant, W.N. (2002). Chemical mutagenesis 
of the parasitic nematode Strongyloides ratti to isolate ivermectin resistant 
mutants. International Journal of Parasitology 32, 1677-1682. 
https://doi.org/10.1016/s0020-7519(02)00157-1 
Weischer, B. & Brown, D.J.F. (2000). An introduction to nematodes - general 
nematology. Sofia, Bulgaria, Pensoft Publishers. 
Whitaker, G. & Rae, R. (2015). The gastropod parasitic nematode Phasmarhabditis 
hermaphrodita does not affect non-target freshwater snails Lymnaea stagnalis, 
Bithynia tentaculata and Planorbarius corneus. Nematology 17, 679-683. 
https://doi.org/10.1163/15685411-00002900 
 34 
Williams, A.J. & Rae, R. (2015). Susceptibility of the Giant African snail (Achatina 
fulica) exposed to the gastropod parasitic nematode Phasmarhabditis 
hermaphrodita. Journal of Invertebrate Pathology 127, 122-126. 
https://doi.org/10.1016/j.jip.2015.03.012 
Williams, A.J. & Rae, R. (2016). Cepaea nemoralis (Linnaeus, 1758) uses its shell as 
a defense mechanism to trap and kill parasitic nematodes. Journal of 
Molluscan Studies DOI:10.1093/mollus/ey064.  
Wilson, M.J (2012) Pathogens and parasites of terrestrial molluscs. In: Lacey, L.A. 
(Ed.). Manual of techniques in invertebrate pathology. San Diego, USA, 
Academic Press, pp. 429-441. https://doi.org/10.1016/b978-0-12-386899-
2.00013-0 
Wilson, M.J. & Rae, R. (2015). Phasmarhabditis hermaphrodita as a control agent for 
slugs. In: Campos-Herrera, R. (Ed.). Nematode pathogenesis of insects and 
other pests. Basel, Switzerland, Springer, pp. 509-521. 
https://doi.org/10.1007/978-3-319-18266-7_21 
Wilson, M.J., Glen, D.M. & George, S.K. (1993a). The rhabditid nematode 
Phasmarhabditis hermaphrodita as a potential biological control agent for 
slugs. Biocontrol Science and Technology 3, 503-511. 
 
Wilson, M.J., Glen, D.M., George, S.K. & Butler, R.C. (1993ba). Mass cultivation 
and storage of the rhabditid nematode Phasmarhabditis hermaphrodita, a 
biocontrol agent of slugs. Biocontrol Science and Technology 3, 513-521. 
https://doi.org/10.1080/09583159309355307 
 35 
Wilson, M.J., Glen, D.M. & George, S.K. (1993b). The rhabditid nematode 
Phasmarhabditis hermaphrodita as a potential biological control agent for 
slugs. Biocontrol Science and Technology 3, 503-511. 
Wilson, M.J., George, S.K., Glen, D.M., Pearce, J.D. & Rodgers, P.B. (1993c). 
Biological control of slugs and snail pests with a novel parasitic nematode, in 
Third International Conference on Pests in Agriculture Proceedings, 
Association Nationale de Protection des Plantes (ANPP), pp. 425-432. 
Wilson, M.J., Glen, D.M., George, S.K., Pearce, J.D. & Wiltshire, C.W. (1994). 
Biological control of slugs in winter wheat using the rhabditid nematode 
Phasmarhabditis hermaphrodita. Annals of Applied Biology 125, 377-390. 
https://doi.org/10.1111/j.1744-7348.1994.tb04978.x 
Wilson, M.J., Hughes, L.A. & Glen, D.M. (1995a). Developing strategies for the 
nematode Phasmarhabditis hermaphrodita, as a biological control agent for 
slugs, in Integrated Crop Management Systems. Integrated Crop Protection: 
Towards Sustainability? British Crop Protection Council (BCPC) No 63, pp. 
33-40. 
Wilson, M.J., Glen, D.M., George, S.K., & Pearce, J.D., (1995b). Selection of a 
bacterium for the mass production of Phasmarhabditis hermaphrodita 
(Nematoda: Rhabditidae) as a biocontrol agent for slugs. Fundamental and 
Applied Nematology 18, 419-425. 
Wilson, M.J., Glen, D.M., George, S.K. & Pearce, J.D. (1995c). Monoxenic culture of 
the slug parasite Phasmarhabditis hermaphrodita (Nematoda: Rhabditidae) 
with different bacteria in liquid and solid phase. Fundamental and Applied 
Nematology 18, 159-166. 
Commented [r4]: I altered the order and designation of 
the Wilson et al, 1993 references so that 1993a becomes 
the first citation in th text. However, there are only two 
1993 reference; should his one be deleted? (Your original 
1993c becomes a and your original 1993a becomes b, 
with the references swapped round) 
 
1993C has been deleted and I choose Wilson et al 1993A 
(The rhabditid nematode etc.….) as the first one and put it 
in the text earlier (as it was the first paper). 
 
 
 36 
Wilson, M.J., Hughes, L.A., Jefferies, D. & Glen, D. (1999). Slugs (Deroceras 
reticulatum and Arion ater agg.) avoid soil treated with the rhabditid nematode 
Phasmarhabditis hermaphrodita. Biological Control 16, 170-176. 
https://doi.org/10.1006/bcon.1999.0757 
Wilson, M.J., Hughes, L.A., Hamacher, G.M. & Glen, D.M. (2000). Effects of 
Phasmarhabditis hermaphrodita on non-target molluscs. Pest Management 
Science 56, 711-716. DOI: 10.1002/1526-4998(200008)56:8<711::AID-
PS185>3.0.CO;2-O 
Wilson, M.J., Burch, G., Tourna, M., Aalders, L.T. & Barker, G.M. (2012). The 
potential of a New Zealand strain of Phasmarhabditis hermaphrodita for 
biological control of slugs. New Zealand Plant Protection 65, 161-165. 
Wilson, M.J., Ivanova, E.S. & Spiridonov, S.E. (2015). Born to be wild – don’t forget 
the invertebrates. Trends in Parasitology 31, 530-532. 
https://doi.org/10.1016/j.pt.2015.09.002 
Wilson, M.J., Wilson, D.J., Aalders, L.T. & Tourna, M. (2016). Testing a new low-
labour method for detecting the presence of Phasmarhabditis spp. in slugs in 
New Zealand. Nematology 18, 925-931. https://doi.org/10.1163/15685411-
00003005 
Witte, H., Moreno, E., Rodelsperger, C., Kim, J., Kim, J.-S., Streit, A. & Sommer, 
R.J. (2015). Gene inactivation using the CRISPR/Cas9 system in the nematode 
Pristionchus pacificus. Development Genes and Evolution 225, 55-62. 
https://doi.org/10.1007/s00427-014-0486-8 
Wynne, R., Morris, A. & Rae, R. (2016). Behavioural avoidance by slugs and snails 
of the parasitic nematode Phasmarhabditis hermaphrodita. Biocontrol, 
 37 
Science and Technology 16, 1129-1138. 
https://doi.org/10.1080/09583157.2016.1185513 
Zhang, C., Liu, J., Xu, M. & Zhang, K. (2008). Heterorhabditidoides chongmingensis 
gen. Nov., sp. nov. (Rhabditida: Rhabditidae), a novel member of the 
entomopathogenic nematodes. Journal of Invertebrate Pathology 98, 153-168. 
https://doi.org/10.1016/j.jip.2008.02.011 
 
